A series of [Ru(bipy) 2 L] + and [Ru(phen) 2 L] + complexes where L is 2-[5-(3,4-dimethoxyphenyl)-4H-1,2,4-triazol-3-yl]pyridine (HL1) and 4-(5-pyridin-2-yl-4H-1,2,4-triazol-3-yl)benzene-1,2-diol (HL2) are reported. The compounds obtained have been characterised using x-ray crystallography, NMR, UV/Vis and emission spectroscopies. Partial deuteriation is used to determine the nature of the emitting state and to simplify the NMR spectra. The acid-base properties of the compounds are also investigated. The electronic structure of the HL1 complex is examined using ZINDO. Electro and spectroelectrochemical studies on [Ru(bipy) 2 (L2)] + suggest that proton transfer between the catechol and triazole moieties on L2 takes place upon oxidation of the L2 ligand.
Introduction
The hydroquinone/quinone redox couple plays an essential role as electron mediator in the charge separation processes in photosynthesis.
1 As a result there has been extensive interest in the redox properties of quinone containing metal complexes and in their potential to act as electron acceptors or donors. 2 In these studies catechol based ligands are coordinated to a wide range of metals. 3 Much less attention has been paid to the interaction between metal centres and pendent hydroquinone/quinone groupings, although such materials may participate in light induced electron transfer reactions. 4 We are presently involved in a systematic study of the electrochemical and photophysical properties of ruthenium complexes containing pendent hydroquinone/quinones. 5, 6 In an earlier study on ruthenium polypyridyl complexes incorporating pyridyltriazole ligands with free hydroquinone groupings, electrochemically induced intramolecular protonation of the ruthenium centre was observed upon oxidation of the hydroquinone moiety. 6 In this contribution the synthesis and deprotection of the methoxy complexes [Ru(bipy) 2 (L1)]PF 6 .5H 2 O and [Ru(phen) 2 (L1)]PF 6 .2H 2 O (where HL1 is 2-[5-(3,4-dimethoxyphenyl)-4H-1,2,4-triazol-3-yl]pyridine) to produce the catechol type complexes with the ligand HL2 4-(5-Pyridin-2-yl-4H-1,2,4-triazol-3-yl)benzene-1,2-diol are described (for ligand structures see Figure 1 ). The partially deuteriated analogues [Ru(d 8 -bipy) 2 , where the triazole moieties are in the protonated and deprotonated states respectively.
Experimental
All synthetic reagents were of commercial grade and used without further purification. The solvents used in spectroscopic measurements were HPLC grade. Perdeuteriated 1,10-phenanthroline (d 8 3 of dry THF was vigorously stirred and cooled to 0°C with an ice bath. 3,4-dimethoxy-benzoylchloride 0.01 mol (2.005g) in 10 cm 3 THF was added dropwise to this solution and the reaction mixture was heated at reflux for a further 5 min. The volume was reduced to half in vacuo. An equal amount of water was added and the flask stored overnight at 4°C. The white precipitate was collected by filtration, washed with water and dried under vacuum. The solid obtained was recrystallised from ethylene glycol:water to yield 1.7 g (70% ), 3 .87 (3H,s,OMe), 3 .83 (3H,s,OMe), mp = 186-188°C.
[Ru(bipy) 2 (L1)]PF 6 .H 2 O 0.395 g (1.41 mmol) of HL1 was dissolved in 50 cm 3 ethanol:water (1:1 v/v) and the mixture was heated at reflux until the ligand was fully dissolved. 0.520g (1 mmol) cis-[Ru(bipy) 2 Cl 2 ].2H 2 O was added and the reaction allowed to reflux for 8 hours. The reaction was monitored by analytical HPLC. After cooling the reaction mixture was filtered and the volume reduced to circa 15 cm 3 . The complex was precipitated by addition of a concentrated aqueous solution of ammonium hexafluorophosphate. The precipitate was filtered and washed with water. The crude complex was recrystallised from acetone/water (2:1 v/v) to which a few drops of aqueous NH 3 were added. The complex was further purified by column chromatography on neutral alumina using acetonitrile as eluent and recrystallised as outlined above.
1 H-NMR in d 3 The flask was placed in a toluene/liquid nitrogen bath (-78 o C) and allowed to equilibrate for at least 20 min. 12 cm 3 (ten fold molar excess) of 1.0 M boron tribromide in dichloromethane was slowly added to the reaction flask. The reaction was left stirring at -78 o C for at least one hour under N 2 and allowed warm to room temperature overnight. The reaction was quenched by slow addition of iced water to the reaction flask. The reaction mixture was neutralised by adding an aqueous solution of concentrated sodium carbonate. The deep red product was precipitated using saturated aqueous NH 4 Instrumental methods 1 H and 1 H COSY spectra were recorded on a Bruker AC400 (400 MHz) instrument. Peak positions are relative to residual solvent peaks. UV/Visible spectra were obtained using a Shimadzu UV3100 UV-Vis-NIR spectrophotometer interfaced to an Elonex PC433 personal computer. Extinction coefficients are accurate to 5 %. Emission spectra were obtained on a PerkinElmer LS50-B luminescence spectrometer equipped with a red sensitive Hamamatsu R928 detector, interfaced to an Elonex PC466 personal computer employing Perkin-Elmer FL WinLab custom built software. Excitation and emission slit widths of 10 nm were used. The spectra were not corrected for photomultiplier response. HPLC grade acetonitrile was used as a solvent.
To ensure protonation/deprotonation, 50 µL perchloric acid or diethyl amine solution were added to the sample. pK a values were determined in Britton-Robinson buffer (0.04 M boric acid, 0.04 M acetic acid, 0.04 M phosphoric acid). The pH was adjusted by adding conc. NaOH or conc. H 2 SO 4 and was measured using a Corning 240 digital pH meter. The pK a values were determined from the point of inflection of the absorbance versus pH plot. Excited state acid-base equilibria were measured from the changes in the emission intensity as a function of pH (vide infra). A suitable isosbestic point in the absorption titration curves was taken as excitation wavelength. Luminescence lifetime measurements were obtained using an Edinburgh Analytical Instruments (EAI) Time-Correlated Single-Photon Counting apparatus (TCSPC). Samples were deaerated for 20 min using Ar gas before measurements were carried out, followed by repeated deaeration to ensure total oxygen exclusion. Emission lifetimes were calculated using a single exponential fitting function; Levenberg-Marquardt algorithm with iterative reconvolution (Edinburgh instruments F900 software) and are ± 10%. The χ2 and residual plots were used to judge the quality of the fits. Measurements were performed in spectroscopic grade acetonitrile. The protonation state of the triazole rings was controlled as outlined above. Cyclic voltammetry and square wave voltammetry were carried out using a CHInstrument Model 660 potentiostat electrochemical workstation interfaced to an Elonex 486 PC. 0.1 M tetraethylammonium perchlorate (TEAP) in acetonitrile was used as electrolyte. A Ag/AgCl reference electrode, a 3 mm diameter teflon shrouded glassy carbon working electrode and a platinum gauze counter electrode were employed. TFA was added to ensure protonation of the complexes when needed) Samples were N 2 purged prior to measurements. Spectroelectrochemistry was carried out using electrochemical equipment as outlined above with a home-made pyrex glass thin layer cell (1 mm), a platinum gauze working electrode, a pseudoAg/AgCl reference electrode and a platinum wire counter electrode. Spectra were recorded in 0.1 M TEAP in CH 3 14 on an Intel Pentium IV 1.6 GHz PC. Geometry optimisations were performed using the ZINDO/1 method. The default parameters for ruthenium as suggested by Anderson et al. 15 were used, apart from a value for the resonance integral, β(4d), of -20.0 eV as suggested by
Gorelsky et al. 16 The overlap weighting factors σ-σ and π-π for ZINDO/1 calculations were both set at 1. Convergence was assumed at a gradient went below 5 cal mol -1 Å -1 . Molecular orbital calculations were performed with ZINDO/S using the Krogh-Jespersen bases for ruthenium. 17 However, the electronic energy of the isolated atom was adjusted to the standard value for ZINDO/1. Values of 0.0, 0.9, and 0.1 respectively, were used for the fractional contributions of the d n-2 s 2 , d n-1 s(p) and d n configurations to the core integrals. 18 The overlap weighting factors σ-σ and π-π for ZINDO/S calculations were set at 1.265 and 0.585 as suggested by Ridley and Zerner. 19 Density of states spectra were constructed from the calculated ZINDO/S molecular orbital energies by convolution with gaussians of unit height and FWHM of 0.5 eV.
Results and Discussion
Synthetic Procedures.
The synthesis of the complexes based on HL1 follows wellestablished preparation methods. As has been observed with other pyridyltriazole complexes the ligand HL1 deprotonates upon coordination to the metal centre to form L1 -and the complexes are therefore obtained as monocations upon the addition of excess PF 6 -. To ensure that deprotonated complexes are obtained the products were recrystallised in the presence of a few drops of aqueous ammonia. The method applied for the deprotection of the methoxy compounds is a modification of literature methods, however, 9 longer reaction times were needed to ensure complete demethylation. Successful demethylation was verified by HPLC and 1 H-NMR (vide infra).
X-ray crystallography.
A feature of many pyridyltriazole ligands is the possibility of coordination via N2 and N4 of the triazole (See Figure 2 for 1,2,4-triazole labelling scheme). In a study carried out by Ryan et al. it was found that for ligands with a substituent on the triazole 5-position coordination occurred via both N4 and N2 in a ratio of approximately 9:1, 20 while the ratio of isomers is 1:1 when the 5-position is occupied by a hydrogen atom. 21 With HL1 only one major product was obtained in all cases. To unambiguously determine the coordination mode of the triazole ring in these compounds the X-ray structural analysis of two compounds was performed. The crystallographic parameters are given in the experimental part. A projection of the structure of
+ is shown in Figure 3 . The structural details obtained for [Ru(phen) 2 (L1)] + are very similar (see Figure S1 ). Selected bond lengths and angles are listed in (see Figure 1) are added for comparison. In both, the pyridyltriazole ligand is coordinated via the N2 atom of the triazole ring. The deprotonated state of the ring is confirmed by the presence of one PF 6 counter ion per ruthenium centre. The Ru-N distances and the bite angles for the compounds are similar to those observed for other similar compounds. 24, 25, 26, 27 One significant difference between the two complexes is the position and orientation of the phenyl ring. In [Ru(phen) 2 (L1)] + the OMe unit at C2 is orientated away from the neighbouring 1,10-phenanthroline ligand, whereas in [Ru(d 8 -bipy) 2 
(L1)]
+ it is orientated towards the coordinated 2,2'-bipyridine. This corresponds to a rotation of the dimethoxy substituted phenyl ring around the C phenyl -C triazole bond. Both dimethoxy substituted phenyl rings are twisted out of plane of the pyridine triazole unit. In the solid state relatively weak intermolecular CH-N hydrogen bonds can be observed. N5 of the triazole moiety serves as hydrogen bond acceptor for a C5-H bond of a phenanthroline from a neighbouring complex (C5B-N5 = 3.285(10) Å, angle C5B-H5B-N5 = 139.9(3)). In both molecular structures no significant influence of the hydrogen bonding network on the coordination geometry can be observed. 
Electronic and Photophysical properties.
UV-Visible spectra of the complexes are consistent with those observed for other pyridyltriazole compounds 5, 22, 28 and are listed in Table 2 . The spectra are dominated in the visible region (300-500 nm) by dπ-π * metal-to-ligand-charge-transfer (MLCT) transitions, while the UV spectrum is dominated by intense π-π * transitions associated with the different ligands. On protonation of the triazole ring the 1 MLCT absorption bands of the complexes undergo a blue shift (see Table 2 ) as a result of the reduced electron donor properties of the triazole ring.
All compounds exhibit emission at 298 K with the λ max of the deprotonated complexes occurring at lower energy than observed for [Ru(bipy) 3 ] 2+ (605 nm). 29 This is explained by the strong σ-donor properties of the anionic triazole ligand. As with the absorption spectra, protonation of the triazole ring in the complexes results in a blue shift of the emission maxima. The emission lifetimes of the deprotonated species are listed in Table  2 . The lifetimes for the protonated species are <10 ns (i.e shorter than the limit of the detection system employed). A detailed study on the photophysical properties of these and of related hydroquinone (HL3, see Figure 1 ) compounds is in progress.
Acid-base properties.
The effect of protonation and deprotonation of the triazole ring on the λ max of absorption and emission spectra is illustrated in Table 2 . The acid-base behaviour of the compounds was studied by recording the pH dependence of these spectra. A typical ground-state titration is shown in Figure 7 . Figure S2 . The changes observed may allow for determination of the location of the excited state. 33 Excited state pK a values (pK a * ) were evaluated using the Förster method 34 as shown in equation 1;
where ν B-and ν HB are the E 0-0 values (in cm -1 ) of the deprotonated and protonated complexes respectively. These values are taken from the λ max of the emission spectra at 77 K as they are the most accurate means of obtaining an estimate for the energy difference involved in the 0-0 transitions. This equation gives an estimate of the excited state acidity of the compound. A more reliable method is based on the measurement of the emission lifetimes of both the protonated and the deprotonated species. 34 However, for the compounds reported here the emission of the protonated compounds is well below 10 ns, which prevents the formation of equilibrium in the excited state. This lack of equilibrium in the excited state limits the physical meaning of the pK a * values obtained using equation 1. The trend observed is nevertheless significant and the increased acidity in the excited state indicates that formation of the 3 MLCT excited state involves transfer of charge from Ru(II) to a polypyridyl rather than the triazole based ligand. 33, 35 This observation is in agreement with the dependence of the emission lifetime on deuteriation as outlined above.
Electrochemical Properties.
Complexes based on the HL1 ligand. The oxidation and reduction potentials of the complexes are presented in Table 2 , feature a reversible oxidation process at ~0.8 V vs Ag/AgCl (see Figure 8 ). An irreversible oxidation is observed at potentials close to 1.2 V. To further investigate the nature of these two redox processes spectroelectrochemical measurements were carried out. Bulk oxidation of [Ru(bipy) 2 (L1)] + at 1.00 V vs Ag/AgCl leads to the appearance of new bands in the region 400-1600 nm. The analogous [Ru(phen) 2 (L1)] + complex shows similar results. The new bands have been assigned as ligand-to-metal charge transfer (LMCT) bands on the basis of their energy and intensity and by comparison with structurally related complexes.
35,36,37 The expected depletion of 1 MLCT absorption bands is masked by the concomitant growth of bands at 435, 478 and 1167 nm for the bipy complex (see Figure 9 ) and 420 and 1166 nm for the phen complex. A full recovery of the original spectrum was observed upon electrochemical reduction of the oxidised species, confirming the reversibility of the first oxidation process and allowing it to be attributed to a metal centred oxidation process. Oxidation at potentials above 1.2 V results in further changes in the absorption spectrum. These changes are however irreversible and therefore no further detailed electrochemical experiments were carried out. The irreversibility of the second oxidation process suggests that this process is related to the presence of methoxy groups. 5 This assignment is further addressed in the calculation section below.
The LMCT spectra of Ru(III) complexes have received relatively little attention, in part due to their low intensity (e.g. ε ≤ 500 M -1 cm -1 for [Ru(bipy) 3 ]
3+
) and also because of their nonemissive nature. It is clear, however that both the energy and intensity of LMCT bands can vary greatly, 38 with a direct correlation between the σ-donor strength of the ligands and band intensity. LMCT bands of moderate intensity in the red/near IR region have previously been observed in the mixed-ligand complexes of Ru(III) containing electron-rich donor ligands such as bisbenzimidazole 39 and bispyridinetriazoles. 36 The position and intensity of these LMCT bands correlate well with those found here. In related complexes, protonation of the triazole ring shifts the reversible metal based oxidation about 400 mV more positive. 5a Surprisingly Figure 8 shows that the anodic shift is less than expected and also that an irreversible signal is obtained. The lack of reversibility observed for the oxidation process upon protonation of the ligand is possibly best explained by an overlap between the, still reversible, metal oxidation and the irreversible methoxy based redox process. The ZINDO calculations do indeed indicate that the methoxy and metal-based oxidation processes are expected to be much closer when the triazole is protonated. (vide infra) Unfortunately the irreversibility of the redox wave and in particular fouling of the electrode did prevent more detailed studies. The reduction waves observed are by comparison with other polypyridyl complexes assigned to bipy or phen based reductions. 5 The reduction processes are not well defined due to surface adsorption effects and become irreversible by protonation and deprotonation effects initiated by the reduction processes. 40 This prevents a detailed investigation of the reduction processes.
Complexes based on the HL2 ligand The cyclic voltammogram of the complex [Ru(bipy) 2 (L2)]
+ is shown in Figure 10 . Between 0.0 and 1.4 V vs Ag/AgCl the compound shows three oxidation waves and a number of poorly defined reduction processes. None of the processes appear reversible but considering the complexity of the hydroquinone/quinone redox couple this is not unexpected. Several attempts were made to improve the quality of the CV. One approach involved pre-treatment of the electrode as described by Cabaniss et al. 41 This treatment involves anodisation of the glassy carbon electrode by placing it in 0.1 M H 2 SO 4 at a potential of 1.80 V for 1 minute. This did not significantly improve the behaviour obtained and the results reported in Figure 10 are the best obtained. Similar problems were observed for the oxidative chemistry of the analogous complex [Ru(bipy) 2 (L3)] + (see Figure 1) . However, for this compound electrode anodisation led to a much improved CV and three well-defined redox processes were observed in the anodic region. Based on spectroelectrochemical investigations, the first process at 0.74 V was assigned to the oxidation of the hydroquinone group to the semiquinone species. The result of this oxidation process is that the adjacent triazole group is protonated. This results in a quasi-reversible oxidation wave with a E 1/2 of 1.18V. The semiquinone/quinone oxidation is observed at 1.01 V. The pattern observed for [Ru(bipy) 2 + but as expected the electrochemistry of the catechol grouping is much less well-defined. 42 As a result spectroelectrochemical measurements did not yield unambiguous results. It seems likely however that the redox waves observed at 0.82 and 1.00 V are best described as a two step oxidation of the catechol moiety of the ligand HL2 to the quinone. The last oxidation step at 1.22 V is best explained by the oxidation of the quinone complex in which the triazole ring is protonated. This process is not expected to be intramolecular in nature as proposed for [Ru(bipy) 2 (L3)] + , but is most likely caused by an increase in the acidity of the solution following proton release upon oxidation of the catechol ring.
Calculations.
To , were calculated using ZINDO/S. The structures of both complexes were geometry optimised before ZINDO/S calculations were performed. The ZINDO/1 optimised structure of this compound shows good agreement with the x-ray structure reported for the d 8 -bipy analogue discussed above. For the protonated complexes, protonation may occur either at the N1 or N4 position of the triazole tring. ZINDO/S calculations on each isomer gave very similar results. The results for the N4 isomer will be discussed here. The HOMO and LUMO levels of [Ru(bipy) 2 (HL1)] 2+ and [Ru(bipy) 2 (L1)] + are shown in Figure 11 , with corresponding information on their relative energies and atomic orbital contributions. Values for atomic orbital contributions of the pyridyltriazole (pytrz), and dimethoxyphenyl (ph), moieties of L1 have been determined separately.
The HOMO of the deprotonated complex contains significant contributions from each of the ligand and metal-based components considered in the calculation. However, the value for ph is about one-third of that for the pytrz portion (11% vs. 30%). This situation is changed in the protonated complex, where the contribution of the ph moiety to the HOMO is slightly greater than that of pytrz (29% vs. 25%). The metal centre contributes equally to the HOMOs of both complexes. The LUMO of the deprotonated complex is almost completely bipybased (88%). On protonation, both bipy and pytrz make a 50:50 contribution to the LUMO.
Calculated density of states (DOS) spectra have been shown to be a useful method to visualise the spatial distribution of the electronic structure of complexes. 43 In particular, where there are several close-lying energy levels in the frontier region, DOS spectra give a better picture of the contributions of the various moieties to the HOMO and LUMO, compared to examination of individual energy levels.
DOS spectra calculated for [Ru(bipy) 2 (L1)]
+ and its protonated form are shown in Figure 12 . For the deprotonated form, we can clearly see that though the ph moiety makes a large contribution to H-2, H-3 and H-4, it contributes little to HOMO and H-1, which are somewhat separate in energy from the others. The highest occupied molecular orbital levels of the protonated complex are closely spaced, resulting in a peak, which shows a large contribution from the Ru, and then similar contributions from the other three moieties though with pytrz contributing the least. On protonation, a significant difference in the LUMOs is apparent also. They change from bipy-based to having an equally large contribution from the bipy and pytrz moieties.
According to Koopmans' theorem, electrochemical oxidation of the complex is equivalent to the removal of an electron from the HOMO. The observed differences in the electrochemical behaviour of [Ru(bipy) 2 (HL1)] 2+ and [Ru(bipy) 2 (L1)] + agree qualitatively with the calculated differences in their electronic structures. The calculations show the electronic structure of the highest occupied molecular orbitals to be that of a typical triazole, containing significant contributions from the metal centre, bipy and pytrz moieties. Experimentally a reversible peak at 0.8V is found due to the oxidation of the metal centre. On protonation, it is found that the methoxy group is oxidised at a potential close to that of the expected oxidation potential of the metal. The DOS spectra support these results, showing that the ph moiety makes a significant contribution to the highest occupied molecular orbitals on protonation of the complex.
Concluding remarks.
The results obtained show that deprotection of dimethoxy precursors is an effective route to the synthesis of ligands containing catechol type pending groups. The spectroscopic, electrochemical and acid-base properties of the compounds obtained are in agreement with those obtained for ruthenium compounds based in similar pyridyltriazole ligands. Electrochemical evidence seems to suggest that upon oxidation of the catechol group a partial protonation of the triazole moiety takes place. ZINDO calculations provide a good qualitative description of the electronic properties of the methoxy compounds and confirm the assignments made for the two oxidations observed at ~1.0 V. This highlights the usefulness of ZINDO type calculations in the investigation of ruthenium polypyridyl complexes. The emission lifetime data suggest that although the interaction between the hydroquinone group and the polypyridyl based excited state is weak, the change in lifetime observed for the phen analogue is significant. Based on the redox properties of the hydroquinone grouping is seems most likely that this quenching is caused by a photoinduced electron transfer process. At present further photophysical studies are taking place, investigating the properties of the catechol complexes. Preliminary results have shown that the catechol moiety can bind a range of first row transition metal ions and that binding can strongly effect the emitting properties of the ruthenium core. The compounds have therefore potential applications as metal ion sensors and can act as models for the investigation of photoinduced energy and electron transfer reactions. Results on these studies will be reported in a subsequent paper. Table 2 Spectroscopic and electrochemical data for complexes described in text and related complexes.
Supplementary Material Table S1 Energy and % contribution of atomic orbitals to each molecular orbital in the frontier region for (a) 2+ in which the triazole ring is protonated. Also shown are the energies of the levels in eV and the % contribution of the metal and ligand to the molecular orbital, based on the contributions of the individual atomic orbitals to the molecular orbital. The contribution of both HL1 and L1 -, the protonated and the deprotonated pyridyltriazole ligands, is divided into a pyridinetriazole component , pytrz, and a contribution from the dimethoxyphenyl moiety, ph. 
